We report the design, fabrication, and experimental characterization of a novel ultrafast optical field emission cathode comprised of a large and dense array of nanosharp high-aspect-ratio single-crystal silicon columns (>100,000 tips, 4.6-million tips.cm -2 ). The cathode emits electrons with as little as 25 nJ and can produce up to 2.54 pC electron bunches per laser pulse when interacting with 35 fs 800 nm laser pulses with a 765 µm by 80 µm elliptical spot size. This is the first report of current measurements from Si tip arrays using photo-field emission; in addition, this is the first demonstration of a photocathode array that, depending on the energy of the laser pulses, can emit in the multi-photon or the tunnelling regime.
INTRODUCTION
Fast-pulsed (< 1ns), ultra-bright high-current electron sources are an enabling technology for free-electron lasers and compact coherent x-ray sources [1] . State-of-the-art ultrafast cathodes are based on the photoelectric effect, where electrons are emitted from a flat surface using ultraviolet (UV) pulses; however, these cathodes have a number of shortcomings including difficult manufacture, need for ultra-high vacuum to operate, and short lifetime [2] . Photon-triggered field emission cathodes are an attractive alternative to circumvent these issues. Strongfield electron tunnelling from solids without damage occurs when the electric field of high-intensity optical pulses interacts with field enhancing structures to lower the incident flux necessary for barrier suppression [3] .
Much of the previous work on nanostructured phototriggered field emission cathodes has focused on single metal tips that are serially manufactured [4] ; in this work, we used wafer-level semiconductor batch fabrication techniques to create massively multiplexed arrays of nano-sharp high-aspect-ratio silicon pillars with high uniformity (>100,000 tips, 4.6-million tips.cm -2 ), resulting in greatly enhanced array electron emission. A highaspect-ratio silicon column topped by a nano-sharp tip achieves electron emission at low power by greatly enhancing the incident electric field, and the massive multiplexing of the pillars drastically increases the total current emission. In a field emitter array, a broad tip radii distribution causes severe array sub-utilization because the emission current has an exponential dependence on the field enhancement of the emitters, which is inversely proportional to the tip radii. We developed a fabrication process that attains small tip variation across the array as a result of the diffusion-limited oxidation step that sharpens the tips.
DEVICE FABRICATION
The cathodes are fabricated from a 1-10 Ω-cm singlecrystal <100> n-Si wafer. First, an array of circular features is formed on the wafer using a 250 nm-thick chemical vapour deposited (LPCVD) silicon-rich silicon nitride film, projection optical lithography, and reactive ion etching (RIE). Then, a second array of circular features is created on top of the first array using a 500 nmthick plasma enhanced chemical vapour deposited (PECVD) silicon dioxide film, projection optical lithography, and RIE; each oxide feature is concentric within 0.1 µm to the nitride feature right underneath. Next, the body of the pillars is etched using deep reactive ion etching (DRIE); the wafers are then cleaned and oxidized. The oxidation step thins the pillars and the nitride features act as a diffusion barrier to form the tips. The oxide and nitride films are removed using wet etchants, leaving highly uniform hexagonally packed arrays of single-crystal silicon pillars about 38 µm tall and 1 µm wide, topped by an ultra-sharp tip (Fig. 1) . Finally, the wafers are diced into 22 mm squares and dipped in 2% hydrofluoric acid to remove the native oxide right before being placed in the vacuum chamber for characterization. 
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978-1-4673-5983-2/13/$31.00 ©2013 IEEEPrior to the photo-field emission experiments, the tip radii spread across the array was estimated by conducting metrology on high-resolution FE-SEMs from 30 tips selected at random. The statistics of the tip radii result in an average radius of curvature of 4.4 nm with a standard deviation of 0.6 nm ( Fig. 2 ), in contrast with the wide tip radii distribution commonly associated to nano-sharp silicon tip arrays [5] . 
EXPERIMENTAL SETUP
The arrays of nano-sharp pillars were characterized as photon-triggered cathodes in a diode configuration using a PC-controlled custom vacuum chamber with optical and electrical feedthroughs (Fig. 3) . A cathode chip was placed in the vacuum chamber and pumped down to 10 -8 torr pressure using a turbo-molecular pump and a dry diaphragm pump. The cathode chip was connected to ground through a picoammeter, Keithley 6485, while the anode, i.e., a 0.25" diameter plate placed 4 mm above the sample, was biased at 10-500 V using a source-measuring unit (SMU) Keithley 237. The cathode was excited with 35 fs 800nm laser pulses at 3 kHz repetition rate from a regeneratively amplified titanium sapphire oscillator seed. The laser pulses hit the samples at an 84° grazing incidence, creating a 765 µm by 80 µm ellipse that bathes ~2220 tips. Data were collected using a LabView script. 
RESULTS
In the first series of experiments, the current emitted by the nanostructured cathode was measured while the laser pulse energy was swept from 25 nJ to 10.8 µJ and the anode was biased at 10 V. As shown in Fig. 4 , the high field of the ultra-short laser pulses combined with the field enhancement of the nano-sharp high-aspect-ratio silicon tip array resulted in large current emission using small laser energies. Electron emission starts with as little as 25 nJ of laser pulse energy, emitting 70 fA average current. Between 25 nJ and 0.1 µJ laser pulse energy, the data follow a 5.1-photon absorption process; the high power dependence of the emitted current on the laser pulse energy comes from the electrons oscillating back into the tip. For larger laser pulse energies the curve bends over, evidencing operation of the cathode in the tunnelling regime; this transition occurs because the electric field becomes so strong that the electrons tunnel faster than they can oscillate back into the tips [6] . If the laser pulse energy is increased to 10.8 µJ, the pillar array emits an average current of 2.04 nA (0.68 pC/bunch).
In a second series of experiments, the current emitted by the field emitter array was measured while the anode bias voltage was swept from 10 V to 500 V and the incident laser pulses were kept at 10.8 µJ. The cathode chip emitted as much as 7.61 nA average current (2.54 pC/bunch) from the ~2220 tips within the laser spot size (Fig. 5) . The average number of electrons emitted per tip per cycle is then ~7140, which is the 2.54 pC divided by 1.602x10 -7 pC per electron divided by the number of active tips. The resultant average peak current per tip during the laser cycle is 32.7 mA; this is calculated by dividing the 2.54 pC by 35 fs pulse length and then dividing by the total number of tips. The electric field of the laser pulses is Gaussian and the Fowler Nordheim (FN) equation states that field emission current has an exponential dependence with respect to the electric field on the surface of the emitter tip [7] (1) Due to the large amount of current per tip per cycle, the bend-over of the current vs. incident laser pulse (Fig.  4) and the increase in current due to increased anode bias (Fig. 5) , it is important to consider space charge effects that can limit the current yield due to screening. Considering localized space charge effects in the vicinity of a single tip, Yalunin et al argue that because the electrons are emitted in a large emitting angle from a small tip, the screening effect will be greatly reduced compared to planar emitters and hence space charge effects are negligible [8] ; this was experimentally observed in [6] , where as many as 1000 electrons/tip were emitted with no discernible space-charge effects. Due to the fact that the electric field is mainly pointed orthogonal to the tip surface, the sharper tips used in this work should lead to even larger angular spreads due to laser acceleration, further increasing the number of electrons needed to observe local space charge effects. Regardless, the initial change of slope (red line to blue line in Fig. 4 ) occurs at ~94 electrons/tip/pulse -well below the emission of 1,000 electrons/tip/pulse.
Another screening effect could be caused by the formation of a virtual cathode, or electron blockade, due to the formation of a sheet of charge above the emitter array because of the close spacing of the tips and the large emitting angle of the tips. Under the sheet of charge, a uniform electric field is formed pointing toward the cathode surface; when this field is strong enough to cancel the extraction voltage field, the electrons begin to push themselves back toward the cathode, limiting the emission current. In the simplest approximation, one can calculate the critical average current for the onset of a virtual cathode as being (2) where V is the extraction voltage, A is the area of the charge region (assumed to be the laser pulse spot size), f laser is the repetition rate of the laser, and D is the separation between the emitting surface and the anode. Plugging into this simple model one finds an I crit of just 3.5 pA. However, this model is overly simplified, as it assumes no electron velocity and ignores aspects of the voltage near the tip such as the DC field enhancement, and electron divergence.
Other researchers have noted virtual cathode screening effects using nanostructured copper arrays for photoelectron emission [10] . By testing multi-photon emission with and without the structure, for pulses of around 5x longer duration (150 fs), Li et al observed virtual cathode limiting effects beginning with surface charge densities exceeding 50 pC/mm 2 and bias fields on the order of 70 MV/m; plugging these values into equation 2 results in a critical current of just 0.25 pA. However, at energies as low as 0.5 µJ with similar Si structures, spectra broader than 10 eV were observed consistent with strong-field photoemission in the tunnelling regime [4] , [9] , as opposed to sub-eV bandwidths expected for multi-photon emission [10] , [11] . Such contradictory observations emphasize the difficulty in describing the complicated dynamics at play with such simplified models.
Further experimentation and modelling is needed to elucidate the transition between the multi-photon and strong field regimes, as well as the electron extraction dynamics after emission occurs. Fig. 5 shows the increase in emission current as the anode is swept from 10 V to 500 V, resulting in a fourfold increase. There are several possible explanations for this increase including screening and space charge, as previously described, as well as DC field effects (lowering barrier) and changes to the accumulation layer on the surface of the emitters (increasing supply). A possible reason for the data shown in Fig. 5 is an increase in the electric field on the tips due to the increase in DC bias, resulting in larger electron emission. We built a 2D axisymmetric COMSOL Multiphysics model of a single emitter, i.e., a pillar 38 µm tall and 1 µm wide with tapered top that ends in a hemispherical cap with 4.5 nm radius of curvature. The discretization of the space surrounding the tip is very fine, with a maximum of 0.1 nm element size. Figure 6 shows that the local electric field around the tip is about 2.98 MV/m when an anode placed 4mm from the tip is biased at 500 V; the electric field is reduced to 59.5 kV/m for a 10 V anode bias. Both of these fields are orders of magnitude lower than the optical field for a 10.8 µJ pulse of ~ 5.8 GV/m; therefore, it is unlikely that the DC anode bias plays a major effect in the electron tunnelling. A second explanation for the data shown in Fig. 5 is the fact that n-type silicon with a vacuum interface forms an accumulation layer at the surface that generates a local electric field E max (3) where N D is the doping level of the cathode (1x10 15 cm -3 ), q is the charge of electron, ε is 1.04x10 -12 F/cm and φ is the band gap. Using (3) we obtain a local electric field of 1.86x10 6 V/m, which is on the same order of magnitude of the electric field from the 500V DC anode bias. Given that the laser pulse is Gaussian, most of the electrons are emitted at a timescale much shorter than 35 fs pulse length because of the non-linear dependence of (1). Thus, the electric field due to the anode bias increases the band bending and increases the number of electrons at the surface available to emit on these short time scales. The convolution of the all or part of the four listed possibilities is likely.
We conducted statistics on the tip radii after prolonged exposure to 10.8 µJ laser pulses and 500 V anode bias; we found an average radius of 7.8 nm and a standard deviation of 1.2 nm, n=29 (Fig. 7) . The blunter tips with wider size spread are a result of the very high peak fields interacting with the tips. However, the performance of the arrays had no noticeable degradation at 10.8 µJ. We are currently investigating the effect of the exposure time on the morphology of the tips and the damage threshold. Histogram of the radius of curvature measurements of the post-exposure tips.
